Introduction
Fuel cells have been touted as a popular alternative clean energy conversion device due to its high power density, low emission, fast startup and high thermal efficiency, acquiring increased interests from commercial, governmental, military and academic organizations [1] [2] [3] [4] . Alkaline electrolyte membrane (AEM) fuel cell offers potential superiority over the conventional proton exchange membrane (PEM) fuel cell, most dramatically to surmount the precious catalyst dependence which greatly encumbers the commercial implementation. AEM fuel cell is considered to generate from alkaline fuel cell (AFC) which seriously suffers from the carbon dioxide (CO 2 ) poisoning problem.
The fast commercialization of AEM makes it possible for the AFC to overcome to the poisoning problem [5, 6] .
Recently, many experimental studies on the AEM fuel cell have been carried out to investigate the operating behavior with various cell designs and different operational conditions [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Compared to the well-developed PEM fuel cell, the researches on AEM fuel cell are still at early stage. A novel membrane electrode assembly (MEA) based on the porous silver electrode has been designed by Kucernak et al. [7] and an enhanced performance of 60 mW cm -2 at 0.6 V has been obtained. The effect of the electrode design parameters, including the ionomer content, thickness of catalyst layer (CL) and membrane and aminating agent of the membrane, on the performance of AEM fuel cell has been investigated by Mamlouk et al. [8] . The experimental tests were also carried out by Yang et al. [9] to optimize the design parameters of the gas diffusion layer (GDL), PTFE content and catalyst loading, and a peak power density of 213 mW cm -2 was achieved at 50 °C. In addition, high performance AEMs and non-precious catalysts have been prepared to enhance the MEA performance [5, 6, [10] [11] [12] [13] [14] . With the design of AEM fuel cell getting improved, a series of experimental researches on the performance test, control strategy and water management are emerging in the literature. The importance of dynamic water balance between membrane and electrode water uptake was demonstrated by Omasta et al. for the performance enhancement [15] . Anode flooding issue has been also declared by Oshiba et al. [16] and efficient water management strategies by changing the membrane thickness and anode flow rate has been proposed. The critical relation between the electrochemical stability and water content inside the electrode was addressed based on the experimental work and molecular dynamics modeling [17] . The overall cell performance under various operating conditions has been tested using an AEM fuel cell containing A201 alkaline membrane as the solid electrolyte [18] . Early researches on the fuel cell design and operating performance has deeply facilitated the development of AEM fuel cell technology. However, the experimental investigation on the hydrogen AEM fuel cell is still scarce and immature, and the operating characteristics, especially the water transport behavior and management strategy still need to be further explored [19] .
Water balance should be recognized as a critically pivotal issue for AEM fuel cell with increasing rigor. Several water transport approaches should be addressed inside the cell, covering the water back diffusion, electro-osmotic drag effect and liquid permeation though the alkaline membrane.
Considering the complexity and difficulty of the visualization research on fuel cell, modeling study is viewed to be a more effective and low-cost approach to gain a deep insight into the water transport in the porous electrodes and alkaline membrane. Modeling study has been proposed and demonstrated by Raya et al. [20] and the coupling of the membrane conductivity with the water absorption and temperature has been emphasized. Dekel et al. [21] presented a new model for hydrogen AEM fuel cell and the critical dependence of cell performance on the cathode hydration was stated. Sommer et al. [22] also developed a transient model for AEM fuel cell to predict the cell response with respect to the physical properties and operation/design parameters. A series of multi-dimensional multiphase modeling work has been conducted for hydrogen AEM fuel cell in the last several years [23] [24] [25] [26] [27] [28] [29] , pointing out the importance of water management in AEM fuel cell.
However, in these early modeling studies on AEM fuel cell, the water transport mechanism is still not impeccable and needs to be further developed. One important issue is that the models for AEM fuel cell need to be validated more comprehensively to reveal the transport mechanism precisely.
In this present work, experimental and modeling work is conducted to further explore the operating behavior of AEM fuel cell, as well as the water transport inside the electrode. The polarization losses are obtained using in-situ electrochemical impedance spectroscopy (EIS) method. An analytical model is also developed to simulate the transport characteristics inside the cell based on the experimental data and promotes understanding of the operating behavior under different operating conditions. It should be noted that the liquid permeation through the membrane is also taken into consideration which was often neglected in previous studies and its significant influence on the cell performance and mass transport is also discussed. The detailed experimental setup and analytical modeling formulation is introduced in the second and third sections, respectively. The experimental and analytical results are presented in the fourth section, followed by the conclusion in the last section.
Experiment

Experimental Setup and Procedures
The schematic of experimental setup is shown in Figure 1 , composed of the testing AEM fuel cell, fuel cell test station, environment chamber, electrochemical station and data processing system.
The fuel cell test station is used for controlling and monitoring the operating parameters for the fuel cell tests, such as the humidification condition, stoichiometry ratio, flow rate, operational current or voltage, feed gases species and back pressures. The deionized water is utilized for humidifying the feed gases based on bubbling humidification. The environment chamber is applied for heating up (or cooling down) and maintaining the fuel cell and operating environment at a specific operating temperature. The in-situ polarization losses, as well as the high frequency impedance of the testing fuel cell can be captured and estimated via the EIS method utilizing the electrochemical station. The equivalent circuit for the EIS data is also presented in Figure 1 . The measurement of back pressure is implemented at both anode and cathode outlets. Meanwhile, the data are constantly collected by the data processing system during the fuel cell tests. Figure 1 . Schematic of the experimental setup.
Fuel Cell Design and MEA Fabrication
The testing AEM fuel cell consists of end plates (aluminum alloy), electrical collectors (gold coated aluminum alloy), graphite flow fields with flow channel and catalyst coated membrane (CCM). The testing AEM fuel cell has a serpentine flow channel with a cross section area of 0.8 mm by 1.0 mm and active area of 2.5 cm by 2.5 cm. A commercial A901 alkaline membrane from Tokuyama
Corporation is selected as the solid alkaline electrolyte. The catalyst loading of Pt is set as 0.5 mg cm -2 for both electrodes. The MEA is prepared by sandwiching the GDLs with micro-porous, carbon-based layer (MPL) and the CCM. The GDL used in the test is H23C6 from Freudenberg
Group which contains a macro-porous superstructure (carbon fiber paper) and MPL. The thickness of GDL is around 250 μm with consideration of the MPL. The weight ratio between Pt/C and ionomer in the CL is set as 3:1 to maintain effective electrochemical kinetics and ionic conductivity inside CL. The scanning electron microscope (SEM) images of the CL surface are also given in Figure 1 . The basic information and physical properties of AEM fuel cell are listed in Table 1 . . Pt/C should be firstly infiltrated by the deionized water of 50 mg and then mixed with the normal propyl alcohol solution (1 mL) due to the fact that the direct contact between dry Pt/C and normal propyl alcohol solution possibly leads to fire risk. According to the weight ratio between Pt/C and ionomer in the CL (3:1), the required amount of the ionomer solution (alkaline electrolyte 5% wt.) is 36.81 mg. The catalyst-ionomer ink is prepared by mixing the ready-made catalyst ink with the ionomer solution. Sonication is implemented on the catalyst-ionomer ink for 90 min for better mixture. At last, the CCM is fabricated via spraying the catalyst-ionomer ink onto the A901 alkaline membrane under infrared spotlight. In order to facilitate the solidification of Pt/C and the volatilization of normal propyl alcohol, vacuum heating is employed and the heating temperature is set as 50 ºC.
Experimental test
The polarization test is conducted in constant-voltage mode, which is separated into two cases by feeding H 2 /air and H 2 /O 2 for the testing AEM fuel cell. The flow rates at anode and cathode inlets are 0.5 and 1.0 slpm, respectively. Since the gas supply is conducted based on the inlet flow rate via the fuel cell test station, the actual stoichiometry ratio varies with the operating current density. The normal operating temperature of AEM fuel cell is set at around 50 °C which is slightly lower than the conventional PEM fuel cell in order to achieve both the effective membrane performance and operational durability. Through setting the dew point temperature at 50 °C, fully humidified hydrogen and air or O 2 are supplied.
Model
Physical problem
In order to comprehensively understand and quantify the cell performance and mass transport mechanism inside the AEM fuel cell, modeling work should be carefully formulated. It is known that water is generated in anode and consumed in cathode of an AEM fuel cell which may generally result in the water concentration gradient from anode to cathode, further leading to water back diffusion through the alkaline membrane. The water molecular may be also combined with the hydroxyl ion (OH -) in the cathode CL and attracted by the positive charges in the anode to migrate towards anode, generally known as electro-osmotic drag effect. Liquid water permeation should be also accounted as another critical water transport phenomenon through the membrane due to the intrinsic permeable property of the polymer membrane, which is rarely considered in the previous modeling studies on AEM fuel cell and should be equally stressed. Since liquid water permeation is caused by the liquid pressure difference between the anode and cathode and its influence can be significantly amplified by different operating pressures. A single AEM fuel cell with a single straight flow channel is considered as the computational domain. The modeling work comprehensively identifies the electrochemical reactions and multiphase flow throughout the electrodes in which the liquid water saturation jump at the interface is also performed using liquid pressure continuity method. The modeling parameters follow rigidly the physical properties given by Table 1 , as well as the base operating condition.
Assumptions
(1) The gas flow considered in this model follows the ideal gas law.
(2) The flow is in laminar state due to the small Reynolds number of the flow.
(3) Steady-state and isothermal conditions are assumed.
(4) The amount of liquid water is fixed to be zero in the flow channel which means it will be immediately removed from the flow field mainly because of the fast flow rate in the flow channel (anode: 0.5 slpm, cathode: 1.0 slpm) and small size of the computational domain being implemented in this study.
(5) Owing to the fully humidified gases considered in the experimental test and modeling work, the water generated in the anode CL is in liquid phase at 50 ºC.
(6) The A901 alkaline membrane is considered to be impermeable to the gas phase.
Formulation
Cell output
The reversible voltage ( 0 , ) of the electrochemical reaction is determined by the Nernst Equation 
where and (298 K) denotes the operating temperature and reference operating temperature of the AEM fuel cell. refers to the universal gas constant (8.314 J mol
). stands for the , which can be calculated as follows:
It should be noted that the ohmic overpotential in the bipolar plates ( ohm-P h , ) is caused by the electron transport, which should be determined according to the electrical conductivity of electron.
The same is true with the porous GDL. As for the CL, the electrical conductivity is constituted by the electron transfer in the carbon backing support and OH -transfer in the alkaline electrolyte.
Therefore, partial thickness of CL needs to be considered in calculations of the electrical conductivity and ionic conductivity, depending upon the reaction site in CL. In the modeling work, half thickness of CL is used for the resistances of electron and OH -by assuming the electrochemical reaction taking place in the middle site of CL. The effective ionic conductivity, ), inside CL are solved by the Bruggeman's correlation [30] :
in which m σ and s σ represent the intrinsic ionic and electrical conductivity inside CL, respectively.
ω and e denote the volume fraction of ionomer and porosity in the CL, respectively. The
Butler-Volmer Equation relates the reaction rate (J
) to the activation overpotential ( act
and mathematically outlines the influences of the operating temperature and reactant concentration on the cell performance:
In the modeling work, the effect of liquid occupation on the electrochemical reaction is accounted.
Therefore, the Butler-Volmer Equation can be corrected by the liquid water amount in the CL and transformed into the expression as below: 
The detailed derivation has been elaborated upon in our previous study [23, 24] which is not ) is the operating current density.
By coupling the reversible voltage, ohmic overpotential and activation overpotential, the analytical solution for the actual cell output voltage can be calculated by the following equation:
Note that the mass transport plays an important role not only in the membrane ionic conductivity but also in the reaction kinetics. Hence detailed mass transport inside the cell should be carried out in the upcoming modeling work.
Multiphase Flow
In the modeling study, the mass balance equations for the liquid water, H 2 and air (or O 2 ) are solved in the corresponding computational domains. Tables 2 and 3 present the mass balance equation group for liquid water and gas species, respectively. In the mass balance equations for liquid water,
) represents the molar concentration of liquid water at the interface of GDL and MPL on GDL side of anode and other denominating rules is conducted by the same method. ) is the molar mass of water.
) is the operating current density. in which λ is water content in the alkaline membrane and can be defined based on the water activity (a) the local temperature ( ) in the MEA [35] . 
a considered in this study is calculated based on the saturation of liquid phase and vapor phase: Note that liquid pressure is solved in continuous distribution in this study. Since the gas pressure is continuous, the capillary should be also continuous through the different porous layers. In consequence, accounting the different physical properties of the neighboring porous layers, such as the contact angle, permeability and porosity, the saturation jump of liquid water is achieved which suggests that there should be a sudden change of liquid water volume fraction at the interface of the adjacent porous layers (GDL/MPL and MPL/CL). This is considered more reasonable for the liquid transport between the porous media.
In the mass balance equations of gas species, Table 3 . Mass balance equations for gas species.
Before simulation, the modeling formulation, the cell design parameters and transport properties have been modified accordingly using the experimental data to account for the mass transport behavior inside the AEM fuel cell and further discuss the resulting performance of the testing AEM fuel cell. Intrinsic permeability of GDL Transfer coefficients α = 0.5
Results and Discussion
This section presents the experimental operating performance of AEM fuel cell under different operating pressures for anode and cathode and compares the modeling prediction and experimental data. The AEM fuel cells with H 2 /air and H 2 /O 2 as feed gases are all tested in this study. In the experimental tests, at least three trials are conducted for each operating condition to achieve the reliability of the experimental results. The operating behaviors are rigorously explained based on the analytical modeling results and in-situ EIS data. As mentioned previously, one important issue of the previous work in the literature is that the models for AEM fuel cell need to be validated more comprehensively to characterize the transport mechanism precisely, not just focusing on the − curve validation [22] . Therefore, prior to the modeling analysis in this study, the modeling validation on both the polarization characteristics and ohmic overpotential evolution has been done to maintain a reasonable modeling formulation. General discussions have been rounded explicitly into the following section and recommendations and concerns for water management strategy have been also addressed.
Operating behavior of H 2 /air AEM fuel cell
Firstly, the operating characteristics of an AEM fuel cell fed by H 2 /air have been experimentally tested under various back pressures for anode and cathode, which is displayed in Figure 2 Figure   2 (b). Strictly, A0C0 and A50C50 cases do not much affect the water transport inside the cell, as well as the membrane ionic conductivity, therefore similar liquid water distribution can be observed in Figure 3(a) . However, through further raising the back pressure up to 100 kPa for anode, the liquid water saturation is greatly reduced in anode and slightly increased in cathode, generating reduced averaged water content in the MEA and subdued membrane ionic conductivity in A100C50 case (Figure 2(b) ). Moreover, note that the liquid water saturation jump at the interface of the neighboring porous layers is also achieved in this modeling work, as depicted in Figure 3 The weak variation of ohmic resisntance suggests that the reduced activation overpotential, as well as enhanced electrochemical kinetics, plays the leading role in the variation of the cell performance.
The analytical modeling work is used to gain a deeper knowledge with the detailed mass transfer inside the fuel cell. Understanding these internal mass transport mechanism and losses provides insight into the detailed physics behind the variation of cell output. Through comparing A0C0 and A50C50 cases, the optimized thermodynamic reversible voltage and sufficient reactant supply rate should be responsible for the output improvement of A50C50 case. On the other hand, the experimental results in A0C0, A70C50 and A100C50 cases reveal that the operating pressure gradient from anode to cathode may further lead to better cell output. By inspecting the modeling simulation, the significant liquid permeation from anode to cathode is beneficial for the operating capability. It should be noted that liquid permeation through the membrane was largely ignored in literature, as the effect is weak at normal operating pressure (around 1 atm) [20, 21] . However, regarding the direct alcohols (liquid fuel) AEM fuel cell and H 2 AEM fuel cell operating at various feeding pressures, the significant hydraulic pressure gradient between anode and cathode suggests that the liquid permeation must be considered for the water transport through the membrane [36] . flooding issue, while consumed in cathode CL which brings out an intrinsic dehydrated condition inside cathode, which was also mentioned by Omasta et al. in their experimental work [15] . Liquid permeation from anode to cathode theoretically mitigates the anode flooding problem and cathode water scarcity, giving rise to better catalyst utilization in anode CL and sufficient reactant supply for cathode reaction, and thus faster reaction rate for both anode and cathode. The modeled enhanced reaction kinetics for both anode and cathode is also prone by comparing the developing trends for impedance plots displayed in Figure 2 (c), (d) and (e). Furthermore, it should be addressed that the integrated effect of pressure difference between anode and cathode should be more notable at high operating current densities attributing to more significant liquid permeation through the membrane and possible better water balance between anode and cathode. These results give a typical baseline of the operational capability of AEM fuel cell under various back pressures, which offers an alternative means to achieve a better water balance in an AEM fuel cell and enhanced fuel cell output capability.
Operating behavior of H 2 /O 2 AEM fuel cell
To advance the cell output capabilities, the operation of AEM fuel cell flowed by H 2 /O 2 are experimentally tested and modeled. In this section, three typical operating back pressures, A0C0
(anode: 0 kPa, cathode: 0 kPa), A50C50 (anode: 50 kPa, cathode: 50 kPa) and A100C50 (anode: 100 kPa, cathode: 50 kPa) are selected representatively for identifying the operating response. The resulting experimental and modeling polarization characteristics of a H 2 /O 2 AEM fuel cell in the cases of A0C0, A50C50 and A100C50 are demonstrated in Figure 5 (a). The fuel cell output performance is considered to be comparable to the previous experimental work in the literature [16, 37] . The modeling results reach a reasonable agreement with the experimental data, as indicated in Figure 5 (a) and (b). It is observed that the H 2 /O 2 AEM fuel cell performs superior to the H 2 /air AEM fuel cell because of being capable of higher limiting current density and maximum power density. Figure 5 (b) indicates similar variation of ohmic overpotential to the H 2 /air cases, yielding sluggish variation under the three operating pressure cases which is displayed utilizing the EIS method in Figure 6 . which water transport analysis was experimentally carried out and suppression of anode flooding issue was achieved through promoting the liquid permeation from anode to cathode using thin alkaline membrane and increasing the anode flow rate [16] . (2) Maintaining higher operating pressure at cathode will surely contribute to worse water balance between anode and cathode, as well as the slower electrochemical kinetics for both anode and cathode. (3) As for the cathode, the operating performance is mainly determined by the balance of water supplement for the reaction and water removal ability. Therefore, the water permeation from the anode should be recognized as a double-edged sword for the cathode performance. Regarding the AEM fuel cell, water generation and consumption coexists simultaneously inside the cell, serving entirely different from the well-known PEM fuel cell, hence proper pressure managing strategies which actually relies upon the cell design and operating parameters is viewed to be more serious for the water balance maintenance. Also importantly, higher operating pressure may lead to more significant pumping power loss either through the flow channel or the overall fuel cell system. The pros and cons are still required to be further investigated and weighed.
Conclusion
In this study, in-situ experimental tests, impedance analysis based on in-situ EIS method and analytical modeling on the AEM fuel cell containing A901 alkaline membrane have been implemented to comprehensively explore the operational macro-performance and multiphase transport behavior inside the cell under various operating pressures. The modeling results reach a reasonable agreement with both the experimental polarization and ohmic overpotential data. The experimental results indicate that the cell capability is persistently improved by pulling up the operating pressures and enlarging the pressure gradient from anode to cathode. The ameliorative reaction kinetics should be responsible for the performance improvement. Based on the validated modeling work, the liquid water permeation from anode to cathode performs the major factor affecting the cell performance and leading the water transport behavior through the membrane through maintaining large liquid pressure gradient across the membrane. The possible reversion of water back diffusion through the membrane is also analyzed. The significant liquid permeation alleviates the possible anode flooding problem and cathode water scarcity, leading to faster reaction kinetics. These can also be confirmed by the EIS results. In addition, according to the in-situ EIS data, the membrane ohmic resistance is metastable under various operating pressures. In a word, this study gives a typical baseline of the operational capability of AEM fuel cell with various operating pressures, which offers an alternative approach to achieve a better water balance in an AEM fuel cell and enhanced fuel cell output capability.
